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Sumnary 
Two q u a n t i t a t i v e  models based on e x p e r i m e n t a l l y  observed  f a t i g u e  
damage p r o c e s s e s  have been made: (1) a model of low c y c l e  f a t i g u e  l i f e  
based on f a t i g u e  c r a c k  growth under  g e n e r a l - y i e l d i n g  c y c l i c - l o a d i n g ,  and 
(2) a model of accelerated f a t i g u e  c r a c k  growth at e l e v a t e d  temperatures 
based on g r a i n  boundary o x i d a t i o n .  These two q u a n t i t a t i v e  models agree 
v e r y  well w i t h  t h e  expe r imen ta l  o b s e r v a t i o n s .  
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Objective: 
Fatigue life consists of fatigue crack nucleation and propagation 
periods. In order to predict fatigue life accurately, the methodology 
for the quantitative assessments of these two fatigue damage processes 
has to be developed. 
The objectives of this research program are to analyze low cycle 
fatigue life in terms of fatigue crack propagation, to study grain 
boundary oxidation and its effects on fatigue crack nucleation and 
propagation, and to study the crystal orientation effects on crack tip 
slip systems and the shear-decohesion fatigue crack growth mechanism. 
With a thorough understanding of the crack nucleation and propagation 
processes based on the physical damage mechanisms, more accurate 
fatigue life prediction will be possible. 
Significant Accomplishments: 
Fatigue life consists of crack nucleation and propagation periods. 
For high cycle fatigue, stage I shear fatigue crack nucleation and 
growth consists of the major portion of the total fatigue life. On the 
other hand, low cycle fatigue life consists of primarily tensile crack 
growth. At elevated temperatures, oxidation might accelerate both 
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processes of crack nucleattion and propagation. We have made 
substantial progress in the analysis of low cycle fatigue life, in the 
study of grain boundary oxidation and its effects on crack nucleation 
and propagation, and in the analysis of shear fatigue crack growth. 
At the room temperature, the crack initiation period is only a 
small portion of the total low cycle fatigue life. Hence, low cycle 
fatigue life can be analyzed entirely in terms of fatigue crack 
propagation. 
Fatigue crack growth under a general-yielding cyclic-loading was 
found to be related AJ and AJ was found to be related to the 
deformation work density. The analysis leads to a simple power law 
relationship between low cyclic fatigue life and the cyclic deforamtion 
work density. The low cycle fatigue life data of a number of materials 
agree very well with the non-linear fracture mechanics analysis. 
The deformation work density, in turn, is related to the applied 
stress range and the imposed cyclic strain range. It is shown that the 
Manson-Coffin low cycle fatigue law can be derived by a rational 
analysis based on fatigue crack growth under a general-yielding cyclic- 
loading. (References: 4 ,  7, 8, 11). 
Dr. Liu was invited to present their recent results on the low 
cycle fatigue life analysis at the Second International Conference on 
Low Cycle Fatigue in Munich, FRG, in September 1987. 
Two primary damage mechanisms of high temperature low cycle 
fatigue are creep and oxidation. Both of these two mechanisms are 
thermally activated as illustrated in the figure. 
The question is not which of these two mechanisms is the dominant 
one. The more pertinent question is rather which of these two 
mechanisms is dominant in the high temperature region and which one is 
dominant in the low temperature region. Quantitative studies on both 
creep and oxidation damage mechanisms are necessary in order to answer 
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t h i s  q u i s t i o n .  
In R 
The schematic plot of two rate processes. 
A q u a n t i t a t i v e  s t u d y  on g r a i n  boundary o x i d a t i o n  and  i t s  e f f e c t s  
on f a t i g u e  l i f e  w a s  conducted .  (Refe rences :  3 ,  5, 6 ,  10, 12) 
Gra in  boundary i s  a p a t h  of  r a p i d  d i f f u s i o n .  Gra in  boundary 
o x i d a t i o n  is c o n t r o l l e d  by t h e  d i f f u s i o n  of  oxygen a l o n g  t h e  g r a i n  
boundary.  The r a p i d  oxygen d i f f u s i o n  c a u s e s  a deep g r a i n  boundary 
o x i d a t i o n  p e n e t r a t i o n ,  and  t h e  f a s t  o x i d a t i o n  p e n e t r a t i o n  c a u s e s  t h e  
a c c e l e r a t e d  i n t e r g r a n u l a r  f a t i g u e  f r a c t u r e s  a t  h i g h  t e m p e r a t u r e s .  
Two d i f f e r e n t  g r a i n  boundary o x i d e  morphologies  w e r e  found:  t h e  
pancake t y p e  and  t h e  cone t y p e .  The l a r g e r  and deeper pancake t y p e  i s  
more damaging. 
Gra in  boundary o x i d a t i o n  p e n e t r a t i o n ,  a,, i n  a n i c k e l  base  
s u p e r a l l o y  (TAZ-8A) w a s  measured a s  a f u n c t i o n  o f  t h e  o x i d a t i o n  
t empera tu re ,  T ,  and t h e  exposure  t i m e ,  t .  
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am = a t  n exp ( - E )  Q 
Q = a p p a r e n t  a c t i v a t i o n  energy  
The c o e f f i c i e n t  of c o r r e l a t i o n  is  0 . 9 6  f o r  144 d a t a  p o i n t s .  
T h i s  q u a n t i t a t i v e  r e l a t i o n s h i p  f o r  t h e  g r a i n  boundary o x i d a t i o n  
k i n e t i c s  can  be used  t o  s t u d y  t h e  a c c e l e r a t e d  f a t i g u e  crack n u c l e a t i o n  
and f a t i g u e  c r a c k  growth r a t e  a t  e l e v a t e d  t e m p e r a t u r e s .  
G r a i n  boundary ox ide  p e n e t r a t i o n  v a r i e s  w ide ly .  Th i s  w i d e  
v a r i a t i o n  of o x i d e  p e n e t r a t i o n  r a t e  may c a u s e  t h e  v a r i a t i o n s  i n  t h e  
r a t e s  of c r a c k  n u c l e a t i o n  and growth and t h e  sca t te r  of  t h e  f a t i g u e  
l i f e  d a t a .  
The  s t a t i s t i c a l  s c a t t e r  of t h e  g r a i n  boundary o x i d e  p e n e t r a t i o n  
d e p t h  f o l l o w s  t h e  W e i b u l l ' s  d i s t r i b u t i o n  law. The e m p i r i c a l  
d i s t r i b u t i o n  law can  b e  used  t o  e x t r a p o l a t e  t h e  d a t a  o b t a i n e d  i n  a 
l a b o r a t o r y  u s i n g  s m a l l  samples  t o  a much l a r g e r  s t r u c t u r a l  component i n  
s e r v i c e .  
When an  ox ide  r e a c h e s  a c r i t i c a l  s i z e ,  it w i l l  f r a c t u r e .  A g r a i n  
boundary ox ide  c r a c k  becomes a f a t i g u e  c r a c k  n u c l e u s  o r  a p r e - c r a c k .  
The p re -c rack  w i l l  s h o r t e n  t h e  c r a c k  n u c l e a t i o n  p e r i o d  and  t h e  t o t a l  
f a t i g u e  l i f e .  T h i s  r e d u c t i o n  i n  n u c l e a t i o n  l i f e  w i l l  be s u b s t a n t i a l ,  
i f  t h e  c y c l i c  f r equency  is  v e r y  low, t h e  t e m p e r a t u r e  i s  v e r y  h igh ,  and 
t h e  o x i d a t i o n  exposure  t i m e  is  ve ry  long .  
I t  h a s  been found t h a t  t h e  r a t i o  between t h e  f a t i g u e  l i f e  of a 
p r e c r a c k e d  specimen and t h e  f a t i g u e  l i f e  of a smooth specimen i s  a 
f u n c t i o n  of t h e  p re -c rack  s i z e .  
N f i / N f o  = f (p re -c rack  s i z e )  
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N f i  = f a t i g u e  l i f e  of  a pre-cracked  specimen 
N f o  = f a t i g u e  l i f e  of  a smooth specimen 
For a g i v e n  p re -c rack  s i z e ,  t h e  r a t i o  w a s  found t o  be c o n s t a n t .  The 
f u n c t i o n a l  r e l a t i o n s h i p  between t h e  r a t i o  and t h e  p re -c rack  s i z e  can be 
found e m p i r i c a l l y .  
The w i d e  v a r i a t i o n s  i n  o x i d a t i o n  p e n e t r a t i o n  and  o x i d e  c r a c k  s i z e  
may c a u s e  a w i d e  v a r i a t i o n  i n  N f i  and i n  t h e  t o t a l  f a t i g u e  l i f e .  A 
large s t r u c t u r a l  component h a s  a h i g h  p r o b a b i l i t y  of hav ing  a l a r g e  
o x i d e  c r a c k  and a s h o r t  f a t i g u e  l i f e .  The empir ica l  r e l a t i o n  of 
Equat ion  ( 2 )  t o g e t h e r  w i th  t h e  g r a i n  boundary o x i d e  p e n e t r a t i o n  
k i n e t i c s  and  t h e  Weibul l  d i s t r i b u t i o n  would be able t o  predict t h e  
e f f e c t  of  t h e  o x i d e  crack on t h e  n u c l e a t i o n  l i f e  o f  a large s t r u c t u r a l  
component. 
The b a s i c  concept  of  g r a i n  boundary o x i d a t i o n  k i n e t i c s  w a s  used  t o  
a n a l y z e  f a t i g u e  crack growth r a t e  a t  t h e  e l e v a t e d  t e m p e r a t u r e s .  A h igh  
t e m p e r t u r e  f a t i g u e  c r a c k  growth model based on i n t e r m i t t e n t  micro- 
r u p t u r e s  of g r a i n  boundary o x i d e s  was proposed .  The model i s  
c o n s i s t e n t  w i th  t h e  obse rved  i n t e r g r a n u l a r  f r a c t u r e  and t h e  observed  
i n v e r s e  r e l a t i o n s h i p  between c r a c k  growth ra te  and  t h e  c y c l i c  f requency  
i n  t h e  l o w  f r equency  r e g i o n .  (References :  1, 5, 6 ,  9, 10). I n  t h e  
h i g h  f r equency  r e g i o n ,  f a t i g u e  f a i l u r e  i s  mixed i n t e r g r a n u l a r  and 
t r a n s g r a n u l a r  o r  t r a n s g r a n u l a r  e n t i r e l y .  
The f a t i g u e  c r a c k  growth i n  large g r a i n  p o l y c r y s t a l s  and s i n g l e  
c r y s t a l s  h a s  been i n v e s t i g a t e d .  The s h e a r  decohes ion  mechanism of  
f a t i g u e  c r a c k  growth h a s  been proposed  and obse rved  by  a number o f  
r e s e a r c h e r s .  Shear  decohes ion  i s  caused  by d i s l o c a t i o n  s l i p  a t  a c r a c k  
t i p .  Shear  decohes ion  i s  caused  by t h e  f o r c e  a c t i n g  on t h e  
d i s l o c a t i o n s  a t  a c r a c k  t i p  and t h e  f o r c e  on a d i s l o c a t i o n  is  r e l a t e d  
t o  t h e  r e s o l v e d  s h e a r  stresses on t h e  s l i p  p l a n e .  The re fo re ,  it i s  
reasonab le  t o  e x p e c t  t h a t  t h e  d u c t i l e  f a t i g u e  crack growth mechanism of 
s h e a r  decohes ion  i s  r e l a t e d  t o  t h e  r e s o l v e d  s h e a r  stresses on t h e  s l i p  
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p l a n e s  i n  t h e  c r a c k  t i p  r e g i o n .  I t  w a s  found t h a t  t h e  c r a c k  p l a n e  i n  a 
c r y s t a l  can be de te rmined  by t h e  s l i p  p l a n e s  w i t h  t h e  h i g h e s t  r e s o l v e d  
s h e a r  stress i n t e n s i t y  c o e f f i c i e n t  . T h i s  o b s e r v a t i o n  i n d i c a t e s  
s t r o n g l y  t h a t  f a t i g u e  crack growth i n  large g r a i n s  and  s i n g l e  c r y s t a l s  
can  be ana lyzed  i n  t e r m s  on t h e  crack t i p  r e s o l v e d  s h e a r  stress 
i n t e n s i t y  c o e f f i c i e n t .  (References :  2 ,  7 ,  13) 
I n  conc lus ion ,  c o n s i d e r a b l e  p r o g r e s s  has  been made on t h e  
q u a n t i t a t i v e  s t u d i e s  based on t h e  p h y s i c a l  damage mechanisms. Such 
s t u d i e s  w i l l  lead t o  a q u a n t i t a t i v e  damage assesment  and  an  improved 
l i f e  p r e d i c t i o n  methodology. 
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